Birds defend trees from herbivores in a Neotropical
Edited by Robert T. Paine, University of Washington, Seattle, WA, and approve td May 13, 2003 (received for review March 20, 2003) Most forest birds include arthropods in their diet, sometimes specializing on arthropods that consume plant foliage. Experimental tests of whether bird predation on arthropods can reduce plant damage, however, are few and restricted to relatively low-diversity systems. Here, we describe an experimental test in a diverse tropical forest of whether birds indirectly defend foliage from arthropod herbivores. We also compare how the indirect effects of bird predation vary with different levels of foliage productivity in the canopy vs. the understory. For three Neotropical tree species, we observed that birds decreased local arthropod densities on canopy branches and reduced consequent damage to leaves. In contrast, we observed no evidence of bird-arthropod limitation on conspecific saplings in the less productive understory of the same forest. Our results support theory that predicts trophic cascades where productivity is high and suggest that birds play an important role in Neotropical communities by means of their indirect defense of some canopy tree species. (1) (2) (3) (4) . One body o f theory predicts such cascades will occur in terrestrial systems with high plant productivity (5, 6) . Opposing theory predicts that cascades will not occur in terrestrial systems and only in low-diversity aquatic or marine systems (7) . Proponents o f the latter theory suggest that higher diversity in terrestrial systems leads to diffuse food webs, rendering trophic levels nonexistent (7) . Field experiments demonstrate that insectivorous birds can limit arthropod abundances and decrease damage to plants, but these tests have been conducted in settings with relatively low tree species diversity such as temperate forests (8) (9) (10) (11) or agricultural systems (12, 13) . Along with high tree species diversity, tropical forests support a high diversity and biomass o f leaf-chewing arthropods (14) as well as a high biomass o f birds that consume them (15) . In a lowland forest o f Panama, we used canopy crane access (16) (19) . surfaces on accessible branches than on inaccessible branches (x2 = 5.15, df 1, P = 0.012). These patterns imply that birds more frequently consumed visually detectable arthropods. Additionally, we observed a higher frequency of spiny vs. smooth caterpillars on accessible vs. inaccessible branches (x2 = 14.32, df 1, P = 0.0001), suggesting bird preference for smooth caterpillars (9) . The impact of bird predation on local arthropod densities was sufficient to have indirect influence on herbivore damage to the canopy branches. Increased densities of chewing arthropods were associated with greater leaf damage ( Table 1 and Fig. 1 ). Most herbivore damage occurred during the wet season, and damage levels peaked at the end of the wet season (Fig. 2) . At the peak, average damage levels increased by 86% where foliage was inaccessible to birds (from 4.7% to 8.9% of total leaf area consumed, Fig. 1B) .
F or decades, ecologists have debated the circumstances under which a predator limits its prey's consumption o f organisms in lower trophic levels (i.e., a predator-driven trophic cascade)

Results
W e documented a 3-fold vertical difference in foliage production
In contrast to experimental effects observed in the canopy, excluding birds from understoryledge saplings did not affect arthropod density (Fig. 1A) or composition. We observed no significant differences in leaf damage on saplings that were inaccessible and accessible to bird foraging (Table 1and Fig. 1B ). Arthropods were more abundant on canopy branches than on saplings because of higher leaf densities in the canopy (Fig. 1A) . Thus, birds reduced arthropods and damage on canopy branches but not for conspecific saplings in the understoryledge of the same forest. 8306 1 www.pnas.org/cgi/doi/10.1073/pnas.1431621100
Discussion
Trophic theory suggested that predators should limit herbivores in areas of high plant productivity (5, 6) . Accordingly, we observed that the effects of bird predation varied with plant productivity, both spatially and temporally. In vertical space, canopy branches produced approximately three times as much leaf area per day as understory saplings, and overall arthropod numbers were higher on canopy branches. Moreover, abundances of foliage-gleaning birds were higher in the canopy than in the understory at this site (ref. 17; J. Brawn, unpublished data). Temporally, the significant effects of bird predation coincided with high canopy leaf production and arthropod abundance during the wet season. interestingly, these temporal effects of bird predation corresponded to the nesting season of resident birds but did not coincide with the presence of migrant birds during the dry season.
Theoretical arguments have been posed against the likelihood of trophic cascades occurring in high-diversity food webs (7) . By this theory, omnivory and compensation by intraguild predators should produce diffuse food webs rather than strong predatordriven trophic cascades. In our experiment, 58% of the canopyforaging bird species we observed were omnivorous, including both fruit and arthropods in their diets (17) . Intraguild predation occurred in the canopy food web as well, because both birds and spiders consume herbivorous arthropods. We observed a doubling of spider densities on inaccessible branches (Table 2 ), but spider predation on caterpillars, if it occurred, did not compensate enough to mute the indirect effect of bird predation (Table  1 ). An additional form of compensation may have occurred if birds consumed the Azteca spp. ants that live inside of Cecropia spp. branches. Some, but not all, of these ant species defend the foliage from herbivores (20) . Although we were not able to accurately assess Azteca ant abundances, we suspect that birds probably did not consume enough ants, if any at all, to compensate for the antiherbivore activity of the large ant colonies in canopy trees. Rather, differences in herbivore damage between the two Cecropia spp. (Fig. 2) are potentially caused by C. peltata having more aggressive ants than C. longipes, a possibility that needs further investigation. Despite omnivory and potential compensation, then, the effects of bird predation were strong enough to produce indirect effects on trees. Our bird study joins recent empirical demonstrations of strong predator effects in other terrestrial tropical food webs, with arthropod (21), reptilian (22, 23) , and mammalian (24) predators.
Several studies in temperate forests have shown that bird predation can impact arthropod prey (25, 26) , but few have established that this limitation leads to changes in plant damage. Moreover, these studies are generally limited to understory shrubs or saplings (9, 11) . Our results extend the demonstration of indirect bird defense of plants to a Neotropical forest canopy and suggest that the relative importance of bird predation may differ in temperate and tropical forest understories. Seasonality and vertical distribution of arthropod prey may be factors in this tropical/temperate difference. For example, arthropod abundances are much higher near the ground than in thecanopy of a temperate, hardwood forest (27) , a vertical trend that is reversed in tropical forests (14, 28) . Further experiments that compare vertical differences in arthropod abundance and bird predation in temperate regions are necessary for direct comparison.
The experimental effects reported here probably underestimate the impacts of bird foraging on leaf damage for several reasons. First, we created small predator-free spaces, and migration of arthropods in and out of the exclosures prevented a large buildup of herbivores. Second, high levels of damage and high densities of arthropods may have encouraged migration out of the exclosures and discouraged adult Lepidoptera from ovipositing on these damaged leaves. Furthermore, our measures of foliage damage likely underestimate the detrimental effects of herbivory on trees. For example, our estimates did not account for leaves that were abscised after arthropod damage, which could underestimate leaf loss by up to 50% (29) . Also, recent work has shown that simply measuring holes in leaves, as in this study, may underestimate by a factor of 6 the actual damage to photosynthetic tissue caused by chewing insects (30) .
Finally, our findings have potential conservation implications. A recent study has reported dramatic changes in the flora and fauna of fragmented Neotropical communities where predators are few or absent (24) . Although it is unlikely that birds will be completely extirpated from forests, several migratory and resident bird populations have declined as forests are lost and
